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Abstract. A breadboard demonstrator of a novel UV/VIS
grating spectrometer has been developed based upon a con-
centric arrangement of a spherical meniscus lens, concave
spherical mirror and curved diffraction grating suitable for a
range of atmospheric remote sensing applications from the
ground or space. The spectrometer is compact and provides
high optical efﬁciency and performance beneﬁts over tra-
ditional instruments. The concentric design is capable of
handling high relative apertures, owing to spherical aberra-
tion and comma being near zero at all surfaces. The de-
sign also provides correction for transverse chromatic aber-
ration and distortion, in addition to correcting for the distor-
tion called “smile”, the curvature of the slit image formed
at each wavelength. These properties render this design ca-
pable of superior spectral and spatial performance with size
and weight budgets signiﬁcantly lower than standard conﬁg-
urations. This form of spectrometer design offers the po-
tential for exceptionally compact instrument for differential
optical absorption spectroscopy (DOAS) applications from
LEO, GEO, HAP or ground-based platforms. The bread-
board demonstrator has been shown to offer high throughput
and a stable Gaussian line shape with a spectral range from
300 to 450nm at 0.5nm resolution, suitable for a number of
typical DOAS applications.
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1 Introduction
Measurement of atmospheric species with climate change or
air quality (AQ) implications is a key driver for ground and
space-based Earth Observation. Techniques such as differ-
ential optical absorption spectroscopy (DOAS) (Platt, 1994;
Edner et al., 1993; Evangelisti et al., 1995; Veitel et al., 2002;
H¨ onninger et al., 2004; Lohberger et al., 2004; Lee et al.,
2005; Friess et al., 2005; Sinreich et al., 2005) operating
in the UV/Visible bandwidth have been used over a number
of decades for the retrieval of atmospheric concentrations of
such key parameters as ozone (O3) (Axelsson et al., 1990;
Virkkula, 1997; Wang et al., 2006; Kim et al., 2007b), ni-
trogen dioxide (NO2) (Van Roozendael et al., 1994; Leser et
al., 2003; Pundt et al., 2005; Palazzi et al., 2007; Louban et
al., 2008; Kramer et al., 2008), formaldehyde (HCHO) (Car-
denas et al., 2000), the halogen oxides (bromine monoxide
(BrO) (Richter et al., 1999; Aliwell et al., 2002; H¨ onninger
and Platt, 2002; Bobrowski et al., 2003; Bobrowski and Platt,
2007), chlorine dioxide (OClO) (Tornkvist et al., 2002; Kuhl
et al., 2006), iodine monoxide (IO) (Wittrock et al., 2000;
Friess et al., 2001), and the oxygen dimer (O4) (Wagner et
al., 2004; Friess et al., 2006) from which information on the
atmospheric aerosol proﬁle can be retrieved.
NO2, O3, and HCHO are factors in air quality with im-
pacts on human health, speciﬁcally being implicated in im-
paired lung function (Bonay and Aubier, 2007; D’Amato
et al., 2005; Galan et al., 2003; Kim et al., 2007a; Mac-
Nee and Donaldson, 2000; Peel et al., 2007; Rage et al.,
2006; Chance et al., 2000). In most scenarios the pri-
mary anthropogenic source of NO2 is vehicular emission
(Eskes et al., 2006). Typical concentrations of NO2 range
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from 10–45ppbV, elevated to 200ppbV during high pollu-
tion episodes (DEFRA, 2007). Ozone is a secondary pol-
lutant generated through the sunlight initiated oxidation of
VOCs, including formaldehyde in the presence of nitrogen
oxides (NOx). Typical concentrations are 15ppbV, elevated
to over 100ppbV in hot and sunny conditions (DEFRA,
2007). Formaldehyde (and aldehydes in general) (Wayne,
2000) and glyoxal (C2H2O2) (Hastings et al., 2005) have
been implicated in the formation of components that produce
photochemical smog.
There is a requirement for accurate measurement of such
atmospheric species at high spatio-temporal resolution to ac-
curately determine ﬂuxes and map transport. Furthermore,
to provide data for use in regional forecasting and monitor-
ing it is necessary to investigate the planetary boundary layer
at a spatial resolution suitable for assimilation into mesoscale
models, often 2km by 2km or less (Cai et al., 2002; Harri-
son et al., 2006; Mihailovic et al., 2005; Owen et al., 1999).
The use of satellite data in such initiatives is constrained by
difﬁculties in the retrieval of data from the PBL owing to the
presence of clouds. A high spatial resolution signiﬁcantly
increases the likelihood of cloud free pixels that could be
recorded, while simultaneously providing data on a quasi-
urban scale (2–10km). The abundance of many AQ species
isdrivenbyphotochemistry, showingsigniﬁcantdiurnalvari-
ability, requiring systems with low noise and high throughput
which offer relatively high temporal resolution. Compact in-
struments capable of providing the necessary optical perfor-
mance and spectral resolution to make meaningful measure-
ments of these target species are a key enabling technology.
In 1994 a design for a new type of optical concentric spec-
trometer based on an Offner relay spectrometer was pub-
lished by (Lobb, 1994). A standard Offner spectrometer
consists of three spherical concentric mirrors: two concave
and one convex, sometimes with an added concentric menis-
cus lens. The object and image surfaces are typically in a
common plane that includes the common centre of curvature
(Prieto-Blanco et al., 2006). Lobb’s conﬁguration uses a sin-
gle concave spherical mirror (from which light is reﬂected
twice) and a spherical meniscus lens. The convex mirror
is replaced by a convex spherical diffraction grating. The
spectrally-dispersed image is again in the same plane as the
common centre. The grating pattern lines are in equi-spaced
parallel planes orthogonal to the focal plane (Lobb, 2004). A
schematic diagram of such a system is given in Fig. 1. This
concept could allow for a high performance imaging spec-
trometer of a considerably reduced size compared to equiv-
alent instrumentation (in a Czerny-Turner conﬁguration for
example).
The beam from the entrance slit is folded at a ﬂat mirror
and passes through the meniscus lens, where it is then re-
ﬂected by the concave mirror, and falls on the grating. A
ﬁrst order diffracted beam forms the useful spectral image
from the second reﬂection at the concave spherical mirror
and second transmission through the meniscus lens. The de-
Fig. 1. The Lobb design for a novel reduced size concentric spec-
trometer. This diagram is adapted from Lobb, 2004.
sign requires a grating frequency in the order of >2000 cy-
cles/mm for UV/Visible applications and features relatively
large diffractive deﬂections, which makes the system com-
pact with an intrinsic stability of wavelength calibration.
This optical arrangement inherently leads to near zero spher-
ical aberration (Lobb, 2004). Full details can be found in
(Lobb, 1994), with discussions on the application of concen-
tric spectrometers to earth viewing systems given in Lobb
(2004) and Bovensmann et al. (2002).
The concentric spectrometer concept could provide a com-
pact and powerful instrument for differential optical absorp-
tion spectroscopy (DOAS) applications for ground based
observations, high altitude platforms (HAP) or for satellite
imaging. This paper details the characterisation of the ﬁrst
DOAS demonstrator of this novel concentric spectrometer
system, including details on the optical components and an
appraisal of the performance of the instrument in comparison
to target speciﬁcations.
2 Performance speciﬁcation of the concentric
spectrometer demonstrator
This spectrometer was ﬁrst proposed for geostationary space
ﬂight as part of a ESA study in 2005 (Burrows, 2005),
however the technology had not previously been practically
demonstrated. A goal for the current demonstrator was to
taketheopticaldesignandapplyittopotentialﬂightopportu-
nities. As such the demonstrator was designed as a represen-
tation of a low earth orbit system with daily global coverage
(swath width 2600km) to meet the criteria of the upcoming
ESA Sentinel 5 mission (Langen, 2007), as derived from the
air quality drivers of the ESA CAPACITY report (Composi-
tion of the Atmosphere: Progress to Applications in the user
CommunITY) (Kelder et al., 2005), which examined the in-
tentions of planned space missions against the needs of the
GMES (Global Monitoring for Environment and Security)
users.
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The demonstrator was therefore conceived as a broadband
imaging spectrometer with the primary objective of the de-
tection of the key air quality signiﬁcant atmospheric species:
NO2 and tropospheric O3 over a bandwidth of 300–450nm.
This bandwidth would also permit the detection of other im-
portant trace gases, such as HCHO, glyoxal and BrO and
provide a measure of the aerosol optical thickness through
retrievals of the oxygen dimer, O4. The emphasis on the de-
tection of atmospheric compounds with signiﬁcance to air
quality monitoring resulted in this novel spectrometer being
attributed with the acronym Compact Air Quality Spectrom-
eter, or CompAQS.
The design was to represent a LEO imaging system with
global daily coverage to meet the Sentinel 5 requirements.
The target nadir ground resolution was set to 5×5km with
a swath width of 2500km to provide global daily coverage,
which in the demonstrator correlated to an entrance slit of
52mm length consisting of 500 resolved elements 90µm in
size. The target along-track resolution and orbit constrain the
sampling time to less than 0.8s. The target spectral resolu-
tion was 0.5nm, sufﬁcient for DOAS retrievals of the target
species, with a sampling factor of 7 pixels per FWHM to
assess the instrument line shape in both spectral and spatial
domains. Taking these factors into account the CompAQS
demonstrator was designed with a focal plane consisting of
2048 spectral pixels, giving spectral sampling of 0.075nm
per pixel, and 4096 spatial pixels with a corresponding spa-
tial sampling of 13µm (650m from LEO) per pixel. The rel-
ative aperture at the slit was f/3.06 in the spectral domain,
f/1.25 in the spatial domain, and the spectrometer had unit
magniﬁcation, such that the width of the entrance slit was
the same as the FWHM of a resolved spectral element on the
focal plane. The target speciﬁcations described above deter-
mine the size and layout of the CompAQS demonstrator as
the size of the optical components, including the radius of
curvature of the grating, lens and mirror, scale linearly with
the size ofthe focal plane. A comparison of thetarget speciﬁ-
cations of the CompAQS space system against the Sentinel 5
requirements and other relevant existing or planned systems
is given in Table 1.
The detector package used in the demonstrator was an e2V
CCD47–20 Back Illuminated CCD sensor with a 1.3×1.3cm
active area detector, comprising an array of 1024×1024,
13×13µm pixels, with an associated electron capacity of up
to 100000 electrons per pixel. This pixel size determined
the focal plane to be 27.6×55.2mm in size. The CCD was
translated through a 2×4 array to map the full focal plane.
Owing to the spatial relationship between the optical compo-
nents and the size of the focal plane the resultant dimensions
for the arrangement of the optical components and the focal
plane are little over 20cm3.
3 Component speciﬁcation
3.1 Diffraction grating
Of the bespoke optical elements the diffraction grating had
the most exacting manufacturing tolerances owing to its im-
pact on instrument throughput, with the lowest transmis-
sion of all the optical components and the strongest poten-
tial for stray light if not manufactured accurately. To pro-
vide the necessary spectral sampling over the bandwidth of
the CompAQS demonstrator the grating required a grating
frequency of 2350±1cycles/mm. The grating was manu-
factured by Carl Zeiss Optronics GmbH from a fused silica
substrate provided by Comar Instruments (UK), polished to
an RMS smoothness of 0.40nm across the optical surface.
The diffraction efﬁciency was relatively uniform for non-
polarised light across the bandwidth, with a mean efﬁciency
of 60% from the half-sinusoidal proﬁle. Analysis performed
by Carl Zeiss showed that the error in the groove direction
was ±0.06degrees. The micro-roughness of the grating sur-
face was evaluated by Carl Zeiss using AFM measurements
made across the surface. The mean micro roughness, σ,
was 0.93nm with an intrinsic error of ±0.1nm rms. To pro-
vide a cursory evaluation into the quality of the grating the
total integrated scatter ([4πσ/λ]2) from the grating surface
was calculated across the bandwidth and was shown to vary
smoothly from approximately 0.15% at the lower end of the
target bandwidth to approximately 0.07% at the upper end of
the bandwidth. The grating marks a signiﬁcant achievement
in that a high-quality, technically demanding grating can be
manufactured on a convex surface with a relatively small ra-
dius of curvature for implementation in this novel technol-
ogy.
3.2 Spherical meniscus lens, concave spherical mirror
and fold mirror
The spherical lens and mirror were manufactured by the
Florida based company Coastal Optical Systems (US), fabri-
cated from fused silica. The lens was anti-reﬂection coated;
measurements on each side of the lens showed that the re-
ﬂectivity was below 0.5% over the majority of the band-
width, with a local minimum of approximately 0.01% be-
tween 350 and 400nm and a maximum of approximately
0.9% at 450nm, at which point the reﬂectivity rose sharply
outside of the demonstrator bandwidth. The mirror was
coated with a dielectric-protected aluminium layer provided
by Universal Thin Film Labs. The reﬂective coating gave a
total reﬂectivity of between 91 and 93% over the bandwidth,
with the local maximum at approximately 350nm. The op-
tical surfaces of each item were analysed by Coastal Opti-
cal Systems using optical interferometry. The front surface
of the lens was measured to have a RMS micro-roughness
of 0.417nm while the rear surface had a value of 0.276nm.
While there has been no appraisal of the subsurface quality
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Table 1. Comparison of the spectral and spatial sampling requirements of the proposed ESA Sentinel 5 mission against current and future
satellite systems that aim to deliver the same data products, and the projected speciﬁcation of the concentric spectrometer (Van der A et al.,
2000; Callies et al., 2000; Munro and Eisinger, 2006; Flynn et al., 2005; Graf et al., 1999; Rodriguez et al., 2002; Stuhlmann et al., 2005).
Data Product
Speciﬁcation O3 SO2 HCHO Halogen Oxides O4 AOD NO2
S
e
n
t
i
n
e
l
5
Spatial Res (nadir) / km 5×5 5×5 5×5 5×5 5×5 5×5 5×5
Spectral Res / nm 0.5 0.5 0.5 0.5 0.5 0.5 0.5
SNR 1000 1000 1000 1000 1500 1500* 1050
O
M
I Spatial Res (nadir) / km 13×24 13×24 13×24 13×24 13×24 13×24 13×24
Spectral Res / nm 0.5 0.5 0.5 0.5 0.5 0.5 0.5
SNR 265 1450 700 1400 >500 2600
O
M
P
S
Spatial Res (nadir) / km 49×50 49×50 / / / 49×50 49×50
Spectral Res / nm 1 1 / / / 1 1
SNR 1000 1000 / / / 1000 1000
G
O
M
E
2
Spatial Res (nadir) / km 40×40 / / 40×40 / 40×40 40×40
Spectral Res / nm 0.28 / / 0.28 / 0.28 0.28
SNR / / / / / / /
M
T
G Spatial Res (nadir) / km 6×6 6×6 6×6 6×6 / / 6×6
Spectral Res / nm 0.41 0.41 0.41 0.41 / / 0.41
SNR 850 850 2000 2000 / / 2500
C
o
m
p
A
Q
S
Spatial Res (nadir) /km 5×5 5×5 5×5 5×5 5×5 5×5 5×5
Spectral Res / nm 0.5 0.5 0.5 0.5 0.5 0.5 0.5
SNR 1000 1000 1200 1200 1500 1200 2500
(3000) (3000) (3500) (3500) (4000) (3500) (6000)
* Taken from CAPACITY report (Kelder et al., 2005).
/ represents no data available. GOME-2 has a swath width of 960km, MTG is geostationary.
of the lens the total integrated scatter has been reasonably
assumed to be less than 0.1% across the bandwidth account-
ing for light passing twice through the lens in the instrument
(from source to grating, from grating to detector). The RMS
micro-roughness of the ﬁnished optical surface of the con-
cave mirror was found to be 0.491nm, giving a total inte-
grated scatter under 0.09% over the bandwidth, again ac-
counting for light reﬂecting twice off the mirror surface.
The fold mirror was provided by SP3 Plus (UK), again
made from fused silica with a reﬂective aluminium and pro-
tective dielectric coating, with a speciﬁed surface polish of
1nm. The total reﬂectivity was measured to be between ap-
proximately 92 and 92.5% across the bandwidth, with the
local maximum appearing at approximately 440nm. The
combined total integrated scatter for the current instrument
is given in Table 2.
The estimated total integrated scatter of the instrument is
shown to decrease with increasing wavelength, and these val-
ues can provide a rough estimate of the total fraction of stray
light that may be generated from the optical components,
with 0.28% to 0.51% of the total incident photons deviating
from the intended light path, of which a portion may termi-
nate at the focal plane. Stray light is a signiﬁcant issue for
scattered sunlight systems such as this: as a demonstrator for
a LEO system CompAQS was designed to work with typi-
cal Earth spectral radiance levels, which increases over the
bandwidth by some three orders of magnitude (Kelder et al.,
2005) from 1.7×1011 to 1.5×1014 photons/[cm2.s.sr.nm].
Thus stray light from longer wavelength radiation can ob-
scuretheweaker, lowerwavelengthradiation, leadingtopoor
quality data from the UV channels. This current iteration
of the concentric spectrometer was intended primarily as a
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Table 2. Estimated total integrated scatter for CompAQS instrument evaluated from the total contribution from each component, assuming
a worst case scenario of 0.1% from the lens in the absence of subsurface quality information.
Component TIS Contribution / %
Wavelength / nm
300 320 350 370 400 425 450
Grating 0.1518 0.1293 0.1115 0.0971 0.0854 0.0756 0.0674
Lens 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Spherical Mirror 0.0846 0.0721 0.0622 0.0541 0.0476 0.0422 0.0376
Fold Mirror 0.1755 0.1542 0.1289 0.1153 0.0987 0.0874 0.0780
Instrument Total Integrated Scatter / % 0.5118 0.4556 0.4026 0.3666 0.3316 0.3052 0.2830
demonstrator of the concentric spectrometer concept and as
such the overall quality of the components is not necessarily
representative of the requirements of a true space instrument.
4 Characterization of the CompAQS demonstrator
The following section describes the experiments to investi-
gate and characterise the demonstrator system, and the out-
comes of this analysis in comparison to the target perfor-
mance.
This demonstrator does not include an entrance telescope
system. Light enters the instrument through a square-conical
bafﬂe with the entrance slit at the apex of the cone. Two en-
tranceslitswereusedwithwidthsof65and78µm. Owingto
the tight spatial constraints in front of the focal plane, it was
not possible to provide a cover window over the CCD sur-
face; the CCD system could not be evacuated and was cooled
to∼12◦CbyaPeltiercooler. Oneoftheconsequencesofthis
is that the resultant spectra presented here have a pronounced
background that is approximately some 5–8% of the total in-
tensity of the signal as a result of the dark current from these
higher than normal operating temperatures.
The concentric components were initially aligned by ad-
justing the position of each component to optimise the de-
tection of mercury emission lines, and the alignment reﬁned
through the use of an adapted autocollimator. For the ini-
tial alignment experiments light from an Ocean Optics HG-
1 Mercury Argon Calibration Source was passed through a
1mm diameter optical ﬁbre positioned approximately 30mm
from the centre of the entrance slit, such that the light ﬁlled
the entrance slit. This light provided a means of checking
the alignment of the instrument in terms of bandwidth cov-
ered by the focal plane, the focus of the instrument, the in-
strument line shape and wavelength calibration. The 65 and
78µm slits were ﬁtted and experiments carried out with both
using an integration time of one second. Through an itera-
tive tuning process the spectrometer was optimised to record
spectra showing the 365.02, 366.33, 404.66, and 407.78nm
lines of the mercury spectrum, and on moving the CCD in
the spectral domain the 435.84nm line. It was possible to
assess the instrument line shape by examining cut sections of
the CCD image, such as those shown in Fig. 2 for the emis-
sion lines recorded using the 78µm slit. Each emission line
was examined in detail with Fig. 3 showing the 365nm peaks
recorded using a slit width of 65 and 78µm respectively. The
65µm(0.065nm)slitoffersa ﬁnerresolution, witha FWHM
of between 4 and 5 pixels. Using the 78µm (0.078nm) slit
the 365.02 and 365.48nm lines could not be resolved, al-
though the FWHM matched the expected 6–7 pixels for this
slit width. Figure 3 also shows Gaussian ﬁts made to each
peak, generated with MicroCal Origin V6 software. The R2
values for each ﬁt are mostly in excess of 0.99, conﬁrming
the stability of the Guassian line shape across the spectral
domain, a key requirement for DOAS. Figure 4 shows simi-
lar plots with the 404 and 407nm lines.
The wavelengths of the emission lines were attributed to
the location of the peak centres on the CCD, and from this
data a wavelength calibration for the instrument for both slit
widths was determined, as given in Fig. 5. The calibration
data demonstrates a strong linear relationship between the
line position on the CCD and wavelength, with the data from
the 65µm slit having a slightly better correlated linear ﬁt
than that from the 78µm slit. From this data it was possible
to determine the spectral sampling characteristics for both
slits: the effective sampling of the instrument with the 65µm
(0.065nm) slit was 0.07044nm/pixel, and 0.07000nm/pixel
with the 78µm (0.078nm) slit. The spectrometer bandwidth
covered 150nm in around 2150 pixels in a spatial distance
of approximately 27.7mm, marginally larger than the design
speciﬁcation of 27.6mm. Applying the wavelength calibra-
tions to the recorded data allowed evaluation of the spectral
resolution of the recorded emission lines. Figure 6 shows
the corresponding wavelength calibrated data recorded with
the 65µm slit, with new Gaussian ﬁts giving a spectral reso-
lution of approximately 0.3nm. The corresponding spectral
resolution for the 78µm slit was approximately 0.45nm.
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Fig. 2. The mercury line spectra recorded in the ﬁrst light optimisation experiments for the 78µm slits.
Fig. 3. A closer examination of the 365nm lines recorded for slit widths of 65µm (left) and 78µm (right).
Fig. 4. A closer examination of the 404 and 407nm line recorded for slit widths of 65µm (left) and 78µm (right).
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Fig. 5. Wavelength calibration plots for the 65µm slit (left) and the 78µm slit (right) showing the linear ﬁt applied to each data set.
Fig. 6. Wavelength calibrated mercury emission lines with Gaussian ﬁts applied to each emission line for data recorded with the 65µm slit.
Fig. 7. An example of a mercury emission spectrum recorded from
the CompAQS instrument with the alignment of the concentric op-
tical components conﬁrmed by optical methods using an autocolli-
mator.
The spectral sampling was re-assessed using the autocolli-
matorthroughatwostepprocess. Theautocollimator(Taylor
Hobson, Microptic TA50 142/12) was ﬁtted with an objec-
tive lens to focus the light emitted from the autocollimator.
The autocollimator was adjusted to give a single point re-
ﬂection from the grating surface, such that the point of focus
was on the shared centre of curvature. The spherical menis-
cus lens was then introduced into the system and adjusted
to give a coincident reﬂection from the meniscus lens front
surface. The autocollimator was then moved and a single
point reﬂection sought from the rear surface of the menis-
cus lens. The concave mirror was introduced and adjusted
so as to give a coincident reﬂection. Once aligned the other
components were ﬁtted. Using the 65µm entrance slit spec-
tra were recorded using a mercury lamp (Oriel 65160 with
power supply 65150) positioned 30cm from the entrance slit,
passing through a diffuser prior to entering the spectrome-
ter. Spectra were recorded in the same manner as before.
A wavelength calibrated spectrum of emission lines from
www.atmos-meas-tech.net/2/789/2009/ Atmos. Meas. Tech., 2, 789–800, 2009796 C. Whyte et al.: Assessment of the performance of a compact concentric spectrometer system
Fig. 8. A collection of the spatially resolved elements from the 404.66nm mercury emission line for different locations of the entrance slit.
Fig. 9. A 3-D representation of the spatially resolved 404.66nm
mercury emission.
365.02–435.84nm is shown in Fig. 7. As with the earlier
optimisation method the emission lines were found to have a
FWHM of 4 pixels/0.3nm, with the Gaussian ﬁts applied to
the emission lines having a range of R2 values between 0.95
and 0.99.
The spatial sampling of the demonstrator was appraised
by passing another slit of known width perpendicular to the
entrance slit to create an entrance aperture of known dimen-
sions. The resultant light on the focal plane covers a set num-
ber of pixels in the spatial domain equivalent to the width
of the perpendicular slit. The same instrument conﬁguration
was used as before to allow for a direct comparison with the
previous work to assess the spectral characteristics of the in-
strument. The 68µm slit was used as the entrance slit and a
91µm slit was used as the perpendicular slit for this experi-
ment.
The perpendicular slit was placed at ﬁxed points along
the entrance slit relative to its centre (−20mm, −10mm, 0,
+10mm, +20mm from the centre) and measurements made.
The 404.66nm emission line was the target for these experi-
ments. With the perpendicular slit in place the emission line
was found to retain the Gaussian spectral line shape with a
consistent ﬁtting R2 value of 0.996. Figure 8 shows the spa-
tially resolved peaks from the same emission line at different
points along the entrance slit. The FWHM for these peaks is
6 to 7 pixels. The individually resolved points were imaged
in 3-D to appraise their shape, both spectrally and spatially,
and the surrounding background levels of noise. Figure 9
shows such a plot for the 404.66nm central spot.
With a spatial aperture of 91µm and a single pixel size of
13µm the FWHM of the spatially resolved element was con-
ﬁrmed as 7 pixels providing over 500 resolved elements over
the 52mm entrance slit. With the current focal plane size and
appropriate entrance optics, a LEO system with a global cov-
erage swath width of 2600km would have a resultant spatial
sampling of 650m, with an across-swath ground resolution
of approximately 5km.
One key advantage of the concentric spectrometer design
is the lack of curvature in the image of the entrance slit on the
focal plane – the effect known as smile. A preliminary mea-
surement of the smile of the CompAQS breadboard demon-
strator was made by illuminating the full entrance slit with
the Hg-Ar lamp. The resulting spectral line, imaged across
the spatial domain was analysed for linearity across the de-
tector. The results are shown in Fig. 10. Although some
minor deviations from a linear response are suggested, the
deviations are less than half of a 13µm pixel across the en-
tire 13mm CCD surface.
Although entrance optics were not incorporated into the
CompAQS demonstrator, a rudimentary system was tested
using a ﬁbre optic input and convex lenses to image scat-
tered sunlight into the CompAQS instrument. The result-
ing spectrum is given in Fig. 11, plotted with a Kurucz solar
spectrum. Using the established WinDOAS analysis pack-
age, the FWHM of this spectrum was measured at 0.55nm,
with a linear wavelength calibration conﬁrming the sampling
of 0.0705 +/−0.001nm/pixel.
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Figure 10 
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Fig. 10. A measurement of the “smile” in the CompAQS spectrom-
eter system. The overall slope of the plot is due to a minor rotation
of the CCD detector with respect to the focal plane. Sub-pixel val-
ues were obtained using a combined smoothing/spline interpolation
routine. Features around column 620 and 710 result from artefacts
on the CCD surface, and not deviation of the image.
A preliminary evaluation of the instrument stray light was
performed to investigate the proportion of the upper band-
width radiation incident upon the lower bandwidth (UV) por-
tion of the focal plane. Light from a 200W QTH lamp
was passed through an Oriel Cornerstone 260 monochroma-
tor, providing ﬁxed wavelengths representative of the upper
bandwidth of the CompAQS instrument. Measurements of
the intensity were made by moving the CCD in the spectral
domain to a position corresponding to the upper limit of the
bandwidth. To prevent saturation of the CCD the light from
the lamp was ﬁrst passed through a series of neutral density
ﬁlters (0.9, 0.6 and 0.4 OD). The light from the monochro-
mator was focussed into the instrument using a set of two
convex lenses. Measurements were made with 10, 30 and
60s integration times. Repeat measurements were made us-
ing the same procedure, without the neutral density ﬁlters,
and the CCD positioned to sample the lower end of the band-
width to detect the stray light. On completion all lights were
turnedoffandmeasurementsmadetomeasuretheinstrument
dark signal.
The dark noise image was subtracted from both the stray
light and full intensity images, and the resultant full inten-
sity images were scaled to account for the ﬁlters. The stray
light images were then evaluated as a percentage of the full
intensity, presented as 2-D maps in Fig. 12. The intense sig-
nal observed in the upper right corner has been attributed to
an observed light leak at the apex of the conical bafﬂe where
the entrance slit sits. This is corroborated by the signal not
moving in the spectral domain with changing wavelength,
and the signal is observed for all wavelengths. The small
random single pixel peaks that can also be seen have been at-
tributed to “hot” pixels in the detector. To account for these
features both the upper portion and the hot pixels were ex-
Figure 11 
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Fig. 11. Example atmospheric spectrum from the CompAQS instru-
ment, plotted with a convolved Kurucz solar spectrum at 0.55nm.
Fig. 12. Example stray light maps using 10s integration time for
430 and 450nm. The upper right portion is attributed to an observed
light leak around the entrance slit, which was not observed to shift
in the spectral domain with increasing wavelength. Removing this
from the analysis yields the image maps given in the lower portion
of the ﬁgure.
cluded. Resultant stray light is derived from the mean of the
pixel values, (Table 3) which is observed to increase with
increasing wavelength to a maximum of 0.43% at 450nm.
While this is higher than the ideal standard of 0.01%, these
values represent only an initial value, and there are several
factors that could continue to inﬂuence this value which need
to be explored. First, the demonstrator unit did not feature
dedicated bafﬂes, which are traditionally the most effective
means for reducing stray light within an instrument. Sec-
ondly, the entire spatial domain was not sampled and as such
this represents only a snapshot of the possible stray light.
Lastly, the optical components do not represent the quality
that would be utilised in a space instrument, and therefore
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Table 3. Preliminary measurements of the instrument stray light with wavelengths representing the critical upper portion of the instrument
bandwidth. These values represent the mean of the measurements made with the integration times of 10, 30 and 60s, with the value in
brackets representing the standard deviation in the measurements.
Wavelength / nm 410 420 430 440 450
Stray light / % 0.362 (0.028) 0.385 (0.006) 0.391 (0.05) 0.387 (0.001) 0.430 (0.005)
the current components will increase the overall propensity
for stray light within the instrument. Therefore these values
should be considered as a maximum upper limit to the pos-
sible stray light within the instrument. Owing to the prob-
lems wrought by the current entrance system a new design
of the spectrometer featuring a dedicated entrance telescope
that removes both the large entrance bafﬂe and fold mirror
is nearing completion, which should ably decrease the stray
light from outside the instrument. It should also be noted
that a future space based mission using the concentric spec-
trometer design would mostly be split into a dual channel
instrument for UV and Visible applications, removing the
tight stray light constraints on the instrument. Despite be-
ing larger than the target value, the maximum of 0.43% rep-
resents a viable starting value for the current demonstrator
and therefore, even at this preliminary stage of development,
CompAQS should be a powerful tool for future DOAS work.
5 Conclusions
The concentric spectrometer (CompAQS) concept theoreti-
cally offers exceptional spatial and spectral performance at
very low volume and weight budgets, and the demonstrator
has conﬁrmed those key features: the volume of the opti-
cal components and focal plane in the demonstrator is little
bigger than 20cm3, and the instrument provides sufﬁciently
high spectral and spatial sampling intervals to allow for over-
sampling factors of 7 pixels with a relatively high spectral
resolution of 0.5nm and 5km across-track spatial resolu-
tion. The instrument line shape has been characterised and
shown to approximate a Gaussian proﬁle with measured R2
values typically in excess of 0.99. Another key characteris-
tic of the concentric concept was the self-correction of in-
strument “smile”, which was demonstrated to be negligible.
The instrument has been found to be relatively straight for-
wardto alignandtune, withtheconcentric design makingthe
alignment of the components reasonably forgiving for such
a high performance system: alignment within 0.5mm pro-
vides spectral and spatial properties very near target speciﬁ-
cations. The measurement of the atmospheric spectrum has
also shown the potential of this spectrometer for DOAS ap-
plications when coupled with appropriate entrance optics.
Another signiﬁcant output is the demonstration that the
optical components for this type of spectrometer, principally
the diffraction grating, can be manufactured to the necessary
speciﬁcation. The total integrated scatter from this critical
part was found to be exceptionally good when considering
that this component is the ﬁrst of its kind, ranging from ap-
proximately 0.15% at 300nm to 0.07% at 450nm. It is en-
visaged that a future space system built on this design would
be half the size of the current demonstrator system, making
it even lighter and compact, while still maintaining the same
spatial and spectral capabilities as the demonstrator.
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